A three-dimensional mathematical model has been developed to predict steady flow field, pressure distribution inside the shroud and efficiency of inclusion removal in tundish after argon gas injection at the shroud. Effects of the different opening of the slide gate and gas injection on velocity and pressure have been analyzed. The results show that the molten steel velocity gradually decreases and the pressure increases as the opening of the slide plane becomes larger. The velocity increases and the pressure decreases after gas injection. Bubble adhesion plays an important role in inclusion removal. Smaller bubbles and larger inclusions are favorable for inclusions removal. The larger flow rate of gas is, the greater number of bubbles generated is. Thereby the amount of removed inclusion increases. But local boiling will occur in the case of larger rate of gas, so the flow rate of gas should be strictly controlled in practice.
Introduction
With the increasing demand worldwide for high quality metal products, further reducing inclusion content in molten steel becomes one of the main objects in steelmaking process; particularly the small inclusions less than 30 mm in diameter need be reduced to extremely low levels. Gas injection is the mostly widely used to remove inclusions in practice because it not only leads to bulk metal flow but also has subsidiary functions of capturing inclusions and absorbing dissolved gasses. They are then floated to the surface together with the injected gas bubbles.
In general, the process of inclusion removal by injecting gas into molten steel includes two functions: one is to promote large inclusions flotation by gas stirring; another is to remove small inclusions by bubbles adhesion. Inclusion removal by injecting gas depends on two conditions: one is good mixing gas and the molten steel and the other is fine bubbles, generation. The former can promote transfer of inclusions in molten steel; in the case of the latter, inclusions can collide with fine bubbles and adhere to them. They then float to the molten steel surface together with the fine bubbles. Some researchers have analyzed the theory of solid particles removal from water by bubbles, [1] [2] [3] [4] [5] [6] [7] and parts of researchers have studied the mechanism of interaction between bubbles and particles by a water model. Further, Zhang et al. have developed a method of generating fine bubbles by injecting gas at the shroud from a ladle to a tundish in a continuous casting system, 1) but no researchers have analyzed and studied the process of inclusions removal by injecting gas at a shroud.
Setting about the mechanism of collision between bubbles and inclusions, in this paper, inclusions removal efficiency in molten steel by bubble adhesion have been analyzed; pressure distribution inside the shroud have been calculated by a mathematical model; concentration distribution of alumina inclusions after gas injection at the shroud has been calculated to estimate inclusion removal efficiency by gas injection at the shroud.
Collision Probability and Adhesion Probability
In this model, the probability of a collision between an inclusion and a bubble is calculated by the equation deduced by Wang, Lee and Hayes.
8) The overall probability for an inclusion to attach and be lifted to the surface is described as the product of three probabilities 9) :
where P a , P c , and P d represent the probability of adhesion, collision and detachment, respectively. The probability of detachment for the very small inclusion is insignificant and can be set to zero. where
When an inclusion has collided with a bubble, it starts sliding over the bubble surface. For the inclusion to get attached it is required that this sliding time be longer than the time for the thin film between the inclusion and the bubble to be ruptured. This process can be described as the probability of attachment, P a , which can be expressed as 
Inclusion Removal Efficiency
The following assumptions are made: (1) Bubbles and inclusions all have certain size with uniform distribution in molten steel; (2) Inclusions are only removed by attachment to bubbles; (3) Bubble size is independent on the gas flow rate. This model can be described as follows. The removal efficiency of inclusion at time t was derived from Eqs. (12) and (13): (14) Equation (14) shows that the smaller the bubble size is and the longer gas injection time is, the higher inclusion removal efficiency is. The larger inclusions removal is easier than the smaller ones because the overall removal efficiency of larger inclusion is higher than that of the smaller ones. Increasing gas flow rate is favorable for the inclusion removal by bubble flotation.
Method of Fine Bubble Generation
It can be seen from the above description that inclusion removal efficiency by fine bubbles adhesion depends on two conditions: one is fine bubbles' generation, and another is fine bubbles' uniformly distribution in molten steel. Bubble size is related to the intensity of stirring of the liquid phase, and strong stirring intensity can make large bubbles break into small bubbles. So for certain stirring intensity, there is a maximum bubble size corresponding to it. Some researchers have given expressions to determine the maximum bubble size as a function of stirring energy. There are given in Table 1 . If a gas bubble exceeds a critical value, i.e. the maximum size d bmax , it will disintegrate. Despite discrepancy between these expressions, all the equations in Table 1 have one common characteristic: higher stirring intensity favors the generation of smaller bubbles. 
In steelmaking system, high stirring intensity exists in molten steel inside the submerged entry nozzle of a continuous casting mold and inside the shroud from a ladle to a tundish. Although generation of fine bubbles inside the submerged entry nozzle of a continuous casting mold is feasible, the fine bubbles may have no enough time to float to the molten steel surface, so that defects may occur. So the shroud from a ladle to a tundish is a preferable place to inject gas for inclusion removal by bubble flotation. The flow velocities are in the range of 1 to 3 m per second at this site. Fine bubbles broken by strong stirring intensities have high adhesion probability with inclusion particles as well as enough time to rise to the surface of the molten steel. Pressure distributions inside the shroud and inclusions removal efficiency by gas injection at the shroud have been estimated in this paper.
Mathematical Model

Assumptions
The mathematical model of pressure distribution inside the shroud is based on the following assumptions:
1. the molten steel inside the shroud is incompressible Newtonian fluid and flow fluid is steady. 2. the bubbles generated at nozzle have same size, and the frequency of bubbles can be calculated by conservation of volume. 3. the pressure at the liquid surface in the tundish is atmospheric. The mathematical model of inclusion removal by gas injection at the shroud is based on the following assumptions:
4. the effect of slag at top surface of molten steel on flow was neglected. 5. the injected gas overflows the top surface of molten steel which was set as free surface, and gravitation and fluctuation of free surface are neglected. 6. the molten steel in tundish is quiescent at initial time. 7. inclusions are spherical with uniform distribution in molten steel at initial time. The initial concentration of inclusion is 4.2ϫ10 10 n/m 3 15) (the O content is 46 ppm for inclusion in diameter of 20 mm) and inclusions removal process is instantaneous. 8. the generated bubbles are spherical and rigid, and interactions of bubbles are neglected. 9. inclusions collision and growth are neglected in this model. 10. the heat flux values of 12 500W/m 2 16) and 36 000 W/m 2 17) were respectively used for refractory bricks used in tundish and free surface of molten steel. Based on the above assumptions, the following governing equations were solved in the mathematical model: the continuity equation, the momentum equations, the turbulence equation, the energy equation. The parameters which were recommended by Launder and Spalding 18) were used in the mathematical model. Their values are : C 1 ϭ1.44, C 2 ϭ1.92, mϭ0.09, s k ϭ1.0, s e ϭ1.3.
The inclusion transport equation is written in the following manner:
... (15) In Eq. (15), velocity vector in vertical direct further comprise an increment, i.e. flotation velocity of inclusion, which can be calculated by Stokes equation. Source term of inclusion includes the contribution of different removal mechanism for its distribution, which will be expounded in the following part.
Inclusion Removal Model
Three mechanisms of inclusion removal were considered: inclusion floating to free surface, adhesion to the ladle wall and adhesion to bubble, and then floating to free surface. 
Solution Procedure
Only liquid transfer inside the shroud has been investigated in this model. The distance from inlet to the sliding plane is long enough in order to attain a fully developed turbulent flow. The velocity at the inlet depends on the height of liquid surface in a ladle. Estimation for k and e at the inlet can be arrived at by solving expressions which were recommended by Guthrie. 20) A no-slip velocity boundary condition is applied. At the exit, a pressure boundary condition is applied.
The main object of the instantaneous model is to investigate the effect of bubble adhesion on inclusion removal, so inclusions collision and growth is neglected. Calculation is carried out in this model by use of CFD software package, CFX. The structured finite difference grid is adopted. A typical calculation for 25 min practical process required 20 h of CPU time.
Results and Discussions
The model has been used to estimate the molten steel flow characteristics and inclusion distribution in continuous casting system. The process of inclusion removal by gas injection at the shroud is shown in Fig. 1 . The size of the used shroud is given in Fig. 2 gas used in the model were shown in Table 2 . The structure of the tundish which have capacity of 30 t is given in Fig. 3. Figure 4 shows the flow field and pressure of the molten steel in the shroud at opening of 100 %. The opening of the slide gate was defined as: dϭ100 %ϫd 1 /d 2 . d 1 and d 2 represent distance shown in Fig. 4 and the inner diameter of the slide gate, respectively. From the results shown in Fig. 4 , it can be seen that the pressure at any position inside the shroud is below atmospheric. Velocity of the molten steel decreases when distance from the slide gate increases. The greatest velocity zone is directly at the sliding plane, in which velocity of the molten steel reaches to 8.0 m/s. A vortex occurs on right of main stream at the extended partition of the shroud, in which velocity of the molten steel is about 0.5 m/s. The lowest pressure zone is directly underneath the slide gate, at which the pressure is Ϫ0.7ϫ10
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3 Pa. It cannot be true because the pressure cannot be lower than absolute zero pressure. According to the theory and experiments of fluid dynamics, if the pressure in a local area of the flowing fluid falls below the vapor pressure of the liquid, there will be local boiling, and a cloud of vapor bubbles will form. This phenomenon is known as cavitation. In the vicinity of the slide gate, when the local pressure in the flowing steel is lower than the vapor pressure of the molten steel, 3 Pa, 25) cavitation will occur. In the actual operation of a continuous casting, velocity of the molten steel at the slide gate will be continuously reduced due to the molten steel level's change in the ladle. In this way, the opening of the slide gate has to be changed from the small to the large. Pressure distribution in the case of different opening of the slide gate has been calculated in this paper, which is shown in Fig. 5 . The point corresponding to each data is situated at centric axes of the shroud and s is the distance from the slide gate. Despite the opening of the slide gate, the cavitation appears in the vicinity underneath the sliding plane. The smaller the opening of the slide gate is, the lower the pressure inside the slide gate is. As mentioned above, the sizes of bubbles have direct relationship with the kinetic energy that corresponds to the velocity in the shroud. The critical size of bubbles becomes smaller with increasing velocity. The largest kinetic energy is situated at the vicinity of the sliding gate. When the effect of gas injection on the velocity and pressure inside the shroud was investigated, 1ϫ10
Ϫ4 m 3 /s of gas injected through the nozzle of 0.005 m in diameter on the shroud wall underneath the sliding plane. As shown in Table 3 , the pressure is widely lower in the case of gas injection than that in the case of no gas injection. With increasing the volume flow rate of gas, the pressure inside the shroud decreases, leading to the velocity increasing.
Whether the injected gases can be split into small bubbles with uniform distribution in the molten steel depends on two conditions: the molten steel velocity and gas injection velocity. The molten steel velocity is fixed for defined ladle, the shroud and opening of the slide gate, so the optimum gas injection velocity should exist for generating small bubbles with reasonable sizes which are mixed uniformly with the molten steel. But it should be considered that attempts to increase the flow rate of gas will result in boiling to some extent and then reoxidation of the molten steel, so it is important to control the flow rate of gas. In this case, in order to control the flow rate of gas, adjusting the diameter of the nozzle for gas injection is exclusive method to meet the demand for the optimum gas injection velocity. This problem is not mentioned here. It is convenient to settle it by means of a water model. The experiment is being carried out by the authors. Figure 6 is a schematic of flow field of the molten steel in tundish in steady state. The molten steel from the shroud reaches the bottom of the tundish, and thereafter flows upwardly while it passes through the baffle, which flows flatly when it reaches to the molten steel surface. Taking one with another, the larger velocity is situated at the outlets region of the shroud and the tundish, while velocity is low at the other region. Figure 7 shows the distribution of inclusion in radius of 20 mm in tundish after 25 min practical process. Assumptions that bubbles generated inside the shroud is 2 mm in diame- Table 3 . Effect of gas injection on pressure inside shroud (at 100 % opening). ter; the initial concentration of inclusion in radius of 20 mm is 4.2ϫ10 10 n/m 3 that uniformly distributes in the molten steel. It can be seen from Fig. 7 that concentration gradient exists in whole tundish, which indicates that a tundish has a function of removing inclusions. The highest concentration of inclusion is situated at the molten steel afflux region and the concentration of inclusions decreases as it flows to the outlet of the tundish. It is obvious that the lowest concentration is situated at the outlet of the tundish.
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Effect of Gas Injection on Inclusion Removal
In some studies, the effect of bubbles adhesion on inclusion removal is often neglected. Importance of bubbles adhesion in inclusion removal has been investigated in the model by comparing the case taking bubble adhesion into account and that without taking it into account. The results are shown in Fig. 8 . Inclusion removal amount without taking bubbles adhesion into account, i.e. only wall adhesion and Stokes flotation be considered, is fewer than that taking bubbles adhesion into account. The result indicates that effect of bubbles adhesion on inclusion removal is not negligible.
Effect of Bubble and Inclusion Sizes
In order to study the effect of bubble size on inclusion removal, the fluctuation of inclusion concentration at the outlet of the tundish has been investigated when the bubbles with different sizes generated inside the shroud. The result is shown in Fig. 9 (here, wall adhesion and Stokes flotation are neglected). Bubbles with the small diameter have higher inclusion removal efficiency than that with the large diameter. Inclusion removal efficiency is very low when diameter of bubbles reaches 5 mm. The results indicate that the effect of coarse bubbles (which is about 10 to 20 mm in diameter 7) ) generated in ladle on inclusion removal by adhesion is negligible. It also can be seen from Fig. 9 that inclusion concentration gradually decreases, i.e. concentration grade (which equals to zero at initial time) of inclusion is continuously altering with time. The curve for concentration of inclusion becomes almost straight at certain time. The discrepancy between inclusion concentration at the outlet of the tundish at this moment and that at initial time is defined as amount of inclusion removal in tundish. Figure 10 shows removal of inclusions in different sizes by bubbles adhesion. It is obvious that larger inclusions are favorable for removal by bubble adhesion. In practice, larger inclusion can be generated by increasing flow rate of the injected gas or other methods, such as electro-magnetic stirring. Figure 11 shows the effect of flow rate of gas on inclusion concentration in the tundish. It can be seen that increasing gas flow rate is favorable for the inclusion removal by bubble flotation. But increasing the flow rate of gas will result in boiling to some extent in the afflux region and then reoxidation of the molten steel. So it is important to control flow rate of gas.
Effect of Flow Rate of Gas
Conclusions
A mathematical model has been developed to predict the molten steel flow and pressure distribution inside the shroud and to calculate inclusion removal efficiency by gas injection at the shroud. The effect of opening of the slide gate and gas injection on pressure distribution has been analyzed. The effect of bubble diameter, inclusion diameter and flow rate of gas on inclusion removal efficiency has been investigated. As an application of the model, concentration distribution of inclusion in 35 t tundish has been predicted in the paper. The results indicated that removing inclusions in the molten steel by gas injection at the shroud is feasible. The molten steel velocity gradually decreases while pressure increases as the opening of slide plane becomes larger. Velocity increases while pressure decreases after gas injection. Bubble adhesion plays an important role in inclusion removal. Smaller bubbles and larger inclusions are favorable for inclusions removal. The larger rate of gas is, the greater number of bubbles generated is. Thereby the amount of removed inclusion increases. But local boiling will occur in the case of larger flow rate of gas, flow rate of gas should be strictly controlled in practice.
Future Wrks
The further work is to make sure an appropriate nozzle size and flow rate of gas, and to investigate the effect of gas injecting direction on size, distribution of bubble and inclusion removal efficiency. 
